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Crash rates per mile indicate a high risk of vehicle crash in older drivers. A reliance on mileage alone may under-
estimate the risk exposure of older drivers because they tend to avoid highways and travel more on nonfreeways
(e.g., urban roads), which present greater hazards. We introduce risk-exposure density as an index of exposure
that incorporates mileage, frequency of travel, and travel duration. Population-wide driver fatalities in the United
States during 2002–2012 were assessed according to driver age range (in years: 16–20, 21–29, 30–39, 40–49,
50–59, 60–69, ≥70) and sex. Mileage, frequency, and duration of travel per person were used to assess risk expo-
sure. Mileage-based fatal crash risk increased greatly among male (relative risk (RR) = 1.73; 95% CI: 1.62, 1.83)
and female (RR = 2.08; 95% CI: 1.97, 2.19) drivers from ages 60–69 years to ages ≥70 years. Adjusting for their
density of risk exposure, fatal crash risk increased only slightly from ages 60–69 years to ages ≥70 years among
male (RR = 1.09; 95% CI: 1.03, 1.15) and female (RR = 1.22; 95% CI: 1.16, 1.29) drivers. While ubiquitous
in epidemiologic research, mileage-based assessments can produce misleading accounts of driver risk. Risk-
exposure density incorporates multiple components of travel and reduces bias caused by any single indicator
of risk exposure.
crash risk; mileage bias; older drivers; risk exposure; road safety; young drivers
Abbreviations: CI, conﬁdence interval; RR, relative risk.
Each year,motor vehicle collisions causemore than 1.2million
deaths (1), compromising the health and well-being of injury
survivors and the families of injury victims (2). They also
draw heavily on public funds through the burden they place
on medical care and emergency services and through loss of
productivity (3). Tighter legislation and public awareness
campaigns can reduce collisions, but reliable risk indices are
needed in order to target the drivers who are at greatest risk.
How should we assess driver risk? A traditional method has
been to calculate crash rates per unit of travel (e.g., annual
mileage (4–6)). More travel is believed to come with greater
exposure to risk. Crash rates are intended to control for differ-
ences in risk exposure for group comparison in crash risk. This
traditional method has led to reports of high crash risk among
young and elderly drivers (5, 7–10), focusing road safety
campaigns and legislation on the youngest and oldest drivers
(10–12). Graduated licensing systems restrict the travel of the
youngest drivers, and in many countries elderly drivers must
apply regularly for renewal of a driver’s license (12, 13).
However, crash rates are not independent of travel patterns
(14). Drivers who have high annual mileage tend to have a
lower crash rate than that of lower-mileage drivers (15–18).
This “low-mileage bias” may help explain high apparent crash
rates of older drivers. Langford et al. (18) reported that the crash
rate of low-mileage drivers was 6 times the crash rate of high-
mileage drivers. Among driver groups with medium to high
annual mileage, the crash rate of older drivers was no greater
than that of drivers in other age ranges. The crash rate was high-
er in older age groups only among low-mileage drivers.
One prominent explanation for the low-mileage bias is that
low-mileage groups contain a high proportion of impaired old-
er drivers (17–19). Visual impairment (20) andmild cognitive
impairment (21) in older drivers are associated with poorer
driving ability and increased risk of crash involvement. Older
drivers with visual or cognitive impairment tend to report driving
less than unimpaired older drivers (22, 23). Yet Langford et al.
(18) reported that crash rates were higher for all driver age
ranges in the low-mileage group compared with medium- and
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high-mileage groups. Visual or cognitive driver impairment
in older age would fail to explain a general tendency for higher
apparent crash risk in low-mileage groups.
Another possibility is that drivers who have high annual
mileage accumulate more miles on freeways and rural roads,
whereas low-mileage drivers travel more on other road net-
works, such as urban networks (15, 16, 19). Urban environ-
ments present greater hazards to drivers due to their higher
number of points of potential conﬂict (e.g., intersections, stops
in trafﬁc ﬂow) per distance traveled (16, 19). Low-mileage
drivers conduct more of their travel in urban areas than do high-
mileage drivers (24). Greater exposure to more hazardous driv-
ing conditions on urban roadsmay explain the higher crash rates
of low-mileage drivers (16). This possibility would also explain
why crash rates are higher in low-mileage groups across all
driver age ranges (18). Counterintuitively, low-mileage drivers
may actually have a higher exposure to risk than high-mileage
drivers, if a greater amount of their travel is conducted on urban
roads.
Two assumptions can be made about the travel pattern of
drivers who frequently travel on urban road networks. First,
they should on average travel shorter distances per trip, because
fewer miles per trip are accumulated on nonfreeways than
on freeways and rural roads (25). Thus, drivers who more reg-
ularly use nonfreeways should have a lower travel distance
per trip relative to other drivers. Second, their average travel
time per mile should be higher relative to other drivers, because
travel speed is typically much higher on freeways and rural
roads than on urban networks (25).
On the basis of these 2 assumptions, it can be inferred that
the drivers who are most exposed to risk—by driving on non-
freeways (e.g., urban roads)—should have both a low average
travel distance per trip and a high average travel time per mile.
In other words, the risk-exposure density of a driver group, i,
is equal to annual travel time divided by annual travel distance
(i.e., mileage), multiplied by annual travel frequency (i.e., trips),
such that
⎛
⎝⎜
⎞
⎠⎟= × ( )Risk-exposure density
time
distance
frequency . 1i
i
i
i
In the present study, we investigated driver risk of fatal
crash on the basis of age differences in density of risk expo-
sure. We hypothesized that 1) if older drivers travel more on
nonfreeways than do middle-aged drivers, then risk-exposure
density should increase in older age; and 2) if greater travel on
nonfreeways explains the high crash rates of older drivers, then
fatal crash risk should no longer increase in older age after
accounting for age differences in risk-exposure density.
METHODS
Data sources
Data were collected on population-wide single- and 2-car
driver fatalities recorded in the United States during 2002–2012.
The data were extracted for all single-car collisions in which
the driver was fatally injured. For 2-car collisions, the data
were extracted for each fatally injured driver. These data
were provided by the US Fatal Analysis Reporting System
(US Department of Transportation) and comprise all recorded
vehicle collisions on public roads resulting in a driver fatality
within 30 days of a collision.
Total annual travel was assessed according to driver age
range (in years: 16–20, 21–29, 30–39, 40–49, 50–59, 60–69,
≥70) and sex. The US National Household Travel Survey
provided the annual trip numbers, annual mileage, and annual
travel duration (in minutes) for each driver age range and sex.
The US National Household Travel Survey was conducted in
2001 (51,059 drivers) and 2009 (152,857 drivers), during which
the travel of each respondent was recorded over a 24-hour
period. For our purposes, the travel data were averaged across
the 2001 and 2009 data sets.
Average travel per driver and driver numbers in each cate-
gory for age range and sex were combined to estimate total
travel in each driver group. Some drivers who hold a driver’s
license do not actively drive, yielding biased estimates of
driver numbers. To estimate the number of active drivers in
each driver group, we calculated the proportion of active dri-
vers in the US National Household Travel Survey sample by
dividing the number of drivers who made at least 1 trip dur-
ing the survey period by the total number of drivers in the
survey. Next, we multiplied the proportion of active drivers
in the survey by the estimated number of licensed drivers in
each driver group. Thus, the estimated number of active dri-
vers reﬂected those who are actively engaged in driving.
Estimation of fatal crash risk
The fatal crash rate of each driver group (according to age
and sex), i, was estimated by dividing the annual fatal crash
count of each group by its risk exposure, such that
= ( )Crash rate crashes
exposure
. 2i
i
i
In equation 2, exposurei was equal to driver numbers mul-
tiplied by average trips per person (trip-based fatal crash
risk), average mileage per person (distance-based fatal crash
risk), or average travel duration per person (time-based fatal
crash risk). In our estimate of density-based fatal crash risk,
driver numbers were multiplied by risk-exposure density
(equation 1). Fatal crash risk was estimated annually and
was rescaled by dividing the value of each driver group by
the largest value across driver groups, such that rescaled fatal
crash risk equaled 1 for the driver group with the highest fatal
crash risk.
Statistical analysis
Generalized linear Poisson regression with log-link model-
ing was conducted to assess age differences in annual travel
frequency in trips per person, annual travel distance in miles
per person, annual travel duration in minutes per person, and
risk-exposure density. In each regression model, age group
was included as a factor. Age differences in travel distance
(miles) per trip and travel time (minutes) permile were assessed
by including annual trips and annual miles as offset terms in the
respective regression models. Beta regression analyses were
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conducted to estimate the relative risks and 95% conﬁdence
intervals for age comparison in fatal crash risk.
RESULTS
Demographics of travel
Annual travel frequency in trips per person increased gradu-
ally from ages 16–20 years (men: 720 trips; women: 736) to
ages 40–49 years (men: 802 trips; women: 864 trips) among
male (relative risk (RR) = 1.11, 95% conﬁdence interval (CI):
1.01, 1.23) and female (RR = 1.17, 95%CI: 1.06, 1.30) drivers
(Figure 1A). Annual travel frequency did not decrease signiﬁ-
cantly in older age from ages 60–69 years (men: 826 trips;
women: 763) to ages ≥70 years (men: 813 trips; women: 733
trips) among male (RR = 0.98, 95% CI: 0.89, 1.08) or female
(RR = 0.96, 95%CI: 0.87, 1.06; Figure 1A) drivers.
Annual travel distance in miles per person increased greatly
among male drivers from ages 16–20 years (5,557 miles) to
ages 40–49 years (9,151 miles; RR = 1.65, 95% CI: 1.59,
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Figure 1. Annual travel frequency in trips (A), annual travel distance in miles (B), annual travel time in minutes (C), miles per trip (D), minutes per
mile (E), and risk-exposure density (F) according to driver age range and sex, United States, 2002–2012. Gray indicates men, and white indicates
women. Density equals time in minutes per distance in miles multiplied by frequency of trips.
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1.70; Figure 1B). Annual travel distance increased to a lesser
extent among female drivers from ages 16–20 years (5,431
miles) to ages 40–49 years (6,433 miles; RR = 1.18, 95% CI:
1.14, 1.23; Figure 1B). In older age, annual travel distance
decreased from ages 60–69 years (men: 8,409 miles; women:
5,315 miles) to ages ≥70 years (men: 6,258 miles; women:
3,821 miles) amongmale (RR = 0.74, 95%CI: 0.72, 0.77) and
female (RR = 0.72, 95%CI: 0.69, 0.75; Figure 1B) drivers.
Annual travel duration in minutes per person increased from
ages 16–20 years (men: 10,914 minutes; women: 10,820 min-
utes) to ages 60–69 years amongmale drivers (15,882minutes;
RR = 1.46, 95% CI: 1.42, 1.49) and to ages 40–49 years
among female drivers (12,961 minutes; RR = 1.20, 95% CI:
1.17, 1.23; Figure 1C). Annual travel duration decreased in
older age from ages 60–69 years (men: 15,883minutes; women:
11,846 minutes) to the age group ≥70 years (men: 14,111 min-
utes; women: 10,833minutes) amongmale (RR = 0.89, 95%CI:
0.87, 0.91) and female (RR = 0.91, 95% CI: 0.89, 0.94;
Figure 1C) drivers.
Travel distance (miles) per trip increased greatly among
male drivers from ages 16–20 years (7.72 miles per trip) to
ages 21–29 years (11.46 miles per trip; RR = 1.49, 95% CI:
1.44, 1.54) and increased to a lesser extent among female dri-
vers from ages 16–20 years (7.38 miles per trip) to ages 21–29
years (9.00 miles per trip; RR = 1.22, 95% CI: 1.18, 1.26;
Figure 1D). Travel distance per trip declined sharply from
ages 60–69 years (men: 10.19miles per trip; women: 6.97miles
per trip) to ages ≥70 years (men: 7.70 miles per trip; women:
5.21 miles per trip) among male (RR = 0.76, 95% CI: 0.73,
0.78) and female (RR = 0.75, 95% CI: 0.72, 0.78; Figure 1D)
drivers.
Travel time (minutes) per mile reduced slightly from ages
16–20 years (men: 1.96 minutes per mile; women: 1.99 min-
utes per mile) to ages 21–29 years (men: 1.73 minutes per mile;
women: 1.86 minutes per mile) among male (RR = 0.88, 95%
CI: 0.86, 0.91) and female (RR = 0.93, 95%CI: 0.91, 0.96) dri-
vers, and rose greatly across older age ranges, especially from
ages 60–69 years (men: 1.89 minutes per mile; women: 2.23
minutes per mile) to ages ≥70 years (men: 2.26 minutes per
mile; women: 2.83 minutes per mile) for male (RR = 1.19,
95% CI: 1.17, 1.22) and female (RR = 1.27, 95% CI: 1.24,
1.31; Figure 1E) drivers.
Risk-exposure density is high when travel distance per trip is
low and travel time per mile is high. Accordingly, risk-exposure
density decreased signiﬁcantly from ages 16–20 years (men:
1,414; women: 1,467) to ages 21–29 years (men: 1,224; women:
1,380) among male drivers (RR = 0.87, 95% CI: 0.80, 0.93) but
not among female drivers (RR = 0.94, 95% CI: 0.87, 1.01;
Figure 1F). Risk-exposure density increased across older age
ranges, especially from ages 60–69 years (men: 1,559; women:
1,700) to ages ≥70 years (men: 1,832; women: 2,078) among
male (RR = 1.18, 95% CI: 1.10, 1.26) and female (RR = 1.22,
95%CI: 1.15, 1.30; Figure 1F) drivers.
Fatal crash risk
Trip-based fatal crash risks (Figure 2A; Table 1) were 1.25
(95% CI: 1.22, 1.29), and 1.72 (95% CI: 1.67, 1.77) times
greater amongmale and female drivers, respectively, in the age
group 16–20 years than among those in age group 21–29 years
and were 2.97 (95% CI: 2.82, 3.14) and 2.83 (95% CI: 2.71,
2.94) times greater than those among age group 60–69 years.
Trip-based fatal crash risk increased from ages 60–69 years to
ages ≥70 years among male (RR = 1.30, 95% CI: 1.22, 1.38)
and female (RR = 1.54, 95%CI: 1.45, 1.63) drivers.
Distance-based fatal crash risks (Figure 2B; Table 1) were
1.89 (95% CI: 1.84, 1.93) and 2.17 (95% CI: 2.11, 2.23) times
greater among male and female drivers age 16–20 years, re-
spectively, compared with those aged 21–29 years and were
3.90 (95% CI: 3.67, 4.11) and 2.86 (95% CI: 2.75, 2.98) times
greater than those among drivers aged 60–69 years. Distance-
based fatal crash risk rose greatly from ages 60–69 years to
ages ≥70 years among male (RR = 1.73, 95% CI: 1.62, 1.83)
and female (RR = 2.08, 95%CI: 1.97, 2.19) drivers.
Time-based fatal crash risks (Figure 2C; Table 1) were 1.67
(95%CI: 1.63, 1.71) and 2.01 (95%CI: 1.95, 2.06) times greater
among male and female drivers aged 16–20 years, respectively,
compared with those aged 21–29 years and were 3.77 (95% CI:
3.59, 3.97) and 3.10 (95% CI: 2.97, 3.24) times greater than
those among drivers in the 60–69 years age group. Time-based
fatal crash risk increased in older age and was 1.44 (95% CI:
1.36, 1.53) and 1.64 (95% CI: 1.55, 1.73) times greater among
male and female ≥70-year-olds, respectively, than among their
counterparts aged 60–69 years.
Density-based fatal crash risks (Figure 2D; Table 1) decreased
little among male drivers from ages 16–20 years to ages 21–29
years (RR = 0.94; 95% CI: 0.92, 0.96) but decreased greatly
from ages 21–29 years to ages 60–69 years (RR = 2.72; 95%
CI: 2.58, 2.87). Density-based fatal crash risk was 1.59 (95%
CI: 1.55, 1.63) times greater among female drivers aged 16–20
years than among those aged 21–29 years and was 3.07 (95%
CI: 2.95, 3.20) times greater than among those in age group
60–69 years. The density-based fatal crash risk for drivers
≥70 years of age was only slightly higher than that in age
group 60–69 years among male (RR = 1.09; 95% CI: 1.03,
1.15) and female (RR = 1.22; 95% CI: 1.16, 1.29) drivers.
DISCUSSION
Age differences in driver risk have traditionally been as-
sessed on the basis of crash rates per unit of travel (e.g., annual
mileage (4–6)). An underlying assumption of this approach is
that with greater travel comes greater exposure to risk. How-
ever, older drivers regulate their travel in various ways, such as
avoidance of night-time driving, poor weather, and highways
(24–27). In general, more miles are accumulated on freeways
and rural roads than on nonfreeways. Thus, although older dri-
vers may have lower annual mileage, they may actually be
more exposed to risk than other drivers because they conduct
more of their travel on nonfreeways such as urban roads, which
present more hazardous driving conditions (19).
In the present study, we introduced risk-exposure density, an
index of risk exposure that incorporates annual mileage, travel
frequency, and travel duration. When crash risk was based on
mileage alone, risk increased greatly in older age (≥70 years)
compared with age group 60–69 years (Figure 2B), reﬂecting
ﬁndings of previous reports (6, 7). Conversely, when based on
risk-exposure density, which takes account of the travel pattern,
driver crash risk increased only marginally (Figure 2D). The
Am J Epidemiol. 2018;187(1):53–59
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small age-related increase in crash risk may reﬂect increased
susceptibility to fatal injury in the elderly rather than risk of
crash involvement (5). Our ﬁndings imply that driver fatality
risk does not increase greatly in older age and that risk indices
based on annual mileage alone can present a misleading pic-
ture of driver risk by failing to account for travel patterns.
License-renewal policies used in the United States to screen
for driver impairment have an unintended outcome of discour-
aging unimpaired older drivers from renewing their driver’s li-
censes (13). Loss of driving privileges compromises mobility,
which negatively affects health and well-being in older age (28,
29).Medical warnings from physicians to their patients are asso-
ciated with reduction in elderly driver arrivals to emergency de-
partments due to road trafﬁc collisions but are also associated
with an increase in visits for depression (30). Policy makers
must balance a need to safeguard road users from potential
harm with the beneﬁts of maintaining mobility in older age.
Our present ﬁndings imply that previous assessments of driver
risk, based on annual mileage, may have exaggerated the dan-
gers of driving in older age.
Annual mileage increased from ages 16–20 years to ages
21–29 years, which alone implies that the youngest drivers
were less exposed to risk. However, risk-exposure density was
higher among 16- to 20-year-olds than among 21- to 29-year-
olds, owing to their lower mileage per trip and greater travel
time permile. Consequently, density-based crash risk decreased
by a small amount from ages 16–20 years to ages 21–29 years
in comparison with estimates of distance-based crash risk based
on mileage alone. This ﬁnding suggests that previous assess-
ments of driver risk may have exaggerated dangers faced by the
youngest drivers.
High annual-mileage drivers tend to have a lower crash rate
than that of drivers who travel fewer miles per year. Evidence
for this “low-mileage bias” was provided by samples in which
drivers involved in collisions could be stratiﬁed by their travel
patterns (e.g., mileage (15, 17, 18)). In these studies, researchers
were able to assess age trends in crash rates for low-, medium-,
and high-mileage bands. At the national level, national travel
surveys are used to adjust for demographic differences in travel
(e.g., age, sex) when assessing road accident reports. These data-
bases do not enable drivers involved in collisions to be stratiﬁed
according to their personal travel patterns. Consequently, exist-
ing databases do not make it possible to assess driver crash risk
per mileage category and adjust directly for a “low-mileage
bias.” Our approach provides a step toward improving the reli-
ability of national crash risk assessments by incorporating multi-
ple components of travel to reduce bias caused by any single
indicator of risk exposure.
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Figure 2. Trip-based (A), distance-based (B), time-based (C), and density-based (D) fatal crash risk by driver age range and sex, United States,
2002–2012. Gray indicates men, and white indicates women. Fatal crash risks are presented as rescaled values calculated by dividing the value of
each driver group by the largest value across driver groups, where rescaled crash risk equals 1 for the driver group with the highest crash risk. Fatal
crash risks are based on annual single-car and 2-car driver fatalities and annual travel and population numbers.
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Our study has limitations. First, our approach combines
multiple components of travel to estimate driver risk expo-
sure. This approach cannot replace existing methods of crash
risk assessment in countries that do not record multiple com-
ponents of travel in their national travel surveys. However,
these data are recorded in the US National Household Travel
Survey and thus we recommend that road-safety researchers
and policy makers adopt our approach in future assessments
of driver risk in the United States. Second, we proposed that
travel on urban road networks is characterized by shorter dis-
tances per trip and higher travel time per mile than is travel
on freeways and rural roads. Our approach does not enable
us to distinguish travel on freeways and rural roads. Older
adults may further differ from drivers in other age ranges in
their use of rural roads versus freeways. Third, we focused
our present investigation on fatally injured drivers. Motor
vehicle collisions are more often fatal at high speed. How-
ever, we proposed that drivers who conduct more of their
travel on high-speed freeways and rural roads are less exposed
to risk of fatal crashes than drivers who avoid these road net-
works. One explanation is that, although traveling at high speed
raises the likelihood a collision is fatal, there are far fewer colli-
sion opportunities per mile on freeways and rural roads than on
urban networks, and thus many miles can be accrued on free-
ways and rural roads with few collision opportunities. An ave-
nue for future research would be to compare fatal and nonfatal
crash risks according to trip-, distance-, time-, and density-
based indices of exposure. Finally, we did not assess driver
frailty or susceptibility to physical injury. The high apparent
crash risk in younger and older drivers compared with other
driver age groups was lower after adjusting for their density
of risk exposure. However, our approach does not enable us
to unpick the contribution of crash risk and frailty to age trends
in risk of fatal injury.
In conclusion, our study reveals that traditional assessments
of driver risk based on annual mileage alone can provide mis-
leading risk assessments. We incorporated annual mileage,
travel frequency, and travel duration to account for travel pat-
terns and found that driver risk does not increase greatly in old-
er age. Risk to youngest drivers was also reduced after taking
account of their travel pattern. Policy makers should be cau-
tious when interpreting the results of mileage-based assess-
ments of driver risk. Age trends in apparent risk depend both
on the method of risk assessment used and the index of risk
exposure.
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Table 1. Trip-Based, Distance-Based, Time-Based, and Density-Based Relative Crash Risks AmongMen andWomen, United States,
2002–2012
AgeGroup, years
Trip-Based Crash
Risk
Distance-Based Crash
Risk
Time-Based Crash
Risk
Density-Based Crash
Risk
RRa 95%CI RRa 95%CI RRa 95%CI RRa 95%CI
Men
16–20 2.97 2.82, 3.14 3.90 3.67, 4.11 3.77 3.59, 3.97 2.88 2.75, 3.03
21–29 2.38 2.24, 2.52 2.07 1.95, 2.20 2.26 2.14, 2.40 2.72 2.58, 2.87
30–39 1.27 1.20, 1.34 1.13 1.06, 1.20 1.25 1.19, 1.33 1.40 1.33, 1.48
40–49 1.14 1.08, 1.21 1.04 0.98, 1.10 1.13 1.07, 1.19 1.24 1.17, 1.30
50–59 1.14 1.05, 1.22 1.05 0.98, 1.12 1.10 1.03, 1.17 1.19 1.11, 1.27
60–69 1.00 Referent 1.00 Referent 1.00 Referent 1.00 Referent
≥70 1.30 1.22, 1.38 1.73 1.62, 1.83 1.44 1.36, 1.53 1.09 1.03, 1.15
Women
16–20 2.83 2.71, 2.94 2.86 2.75, 2.98 3.10 2.97, 3.24 3.07 2.95, 3.20
21–29 1.65 1.57, 1.73 1.32 1.26, 1.39 1.55 1.47, 1.63 1.93 1.84, 2.03
30–39 1.00 0.95, 1.04 0.91 0.87, 0.95 1.04 0.99, 1.08 1.14 1.09, 1.19
40–49 0.93 0.89, 0.98 0.86 0.83, 0.90 0.95 0.91, 1.00 1.03 0.98, 1.07
50–59 0.97 0.92, 1.02 0.87 0.82, 0.92 0.94 0.88, 0.99 1.04 0.98, 1.10
60–69 1.00 Referent 1.00 Referent 1.00 Referent 1.00 Referent
≥70 1.54 1.45, 1.63 2.08 1.97, 2.19 1.64 1.55, 1.73 1.22 1.16, 1.29
Abbreviations: CI, conﬁdence interval; RR, relative risk.
a Relative risk was estimated using beta regression analysis.
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